INTRODUCTION {#h0.0}
============

In the production of ethanol from cellulosic-biomass feedstock, the most significant economic obstacles for the overall process are the enzyme costs and loss of productivity due to inactivation of yeast cells caused by a variety of inhibitory conditions associated with production processes ([@B1], [@B2]). Most of the large-scale production of fuel ethanol is typically accomplished in large-scale yeast fermentations operated at high glucose concentrations, elevated ethanol titers, and high temperatures, all conditions that cause stress for the yeast cells ([@B3][@B4][@B5]). Operation at high temperatures reduces cooling costs and contamination. Furthermore, for conversion of cellulosic biomass to ethanol, thermophilic enzymes and yeasts are often added at the same time to ensure simultaneous saccharification and fermentation (SFF). To reduce enzyme costs, it is therefore important to operate at high temperatures ([@B5][@B6][@B7]). Although temperatures between 38°C and 42°C allow significant reductions of production costs ([@B3], [@B5]), temperatures over 50°C would be more desirable ([@B8]). However, temperatures of 34°C or more greatly affect yeast metabolism and impair its growth.

Innate thermotolerance of yeast to heat, 40°C to 50°C for instance, can be stimulated by preadaptation with a variety of stressors, including high osmolality, high ethanol concentrations, and elevated nonlethal temperatures (e.g., 37°C) ([@B9], [@B10]). This capability, however, involves many cellular responses, including the overexpression of heat shock genes and low cyclic AMP-protein kinase (PK) activity, that are associated with reduced rates of growth and glucose consumption ([@B9][@B10][@B11]), and therefore, it does not represent a suitable option for biofuel production. So far, the thermotolerant yeast strains used in large-scale ethanol production have been isolated from industrial processes where they were exposed to high temperatures for long periods of time ([@B3], [@B12]). These strains grow and consume glucose faster than yeast cells adapted by induction of stress responses. There is, however, little basic knowledge of the genomic, biochemical, and physiological responses of these strains to the higher temperatures. For example, little information is available about the genetic changes and how these affect yeast adaptation across the ancestral range of temperatures ([@B13]). In addition, adaptation to heat can condition yeast responses to other stressors ([@B14], [@B15]).

Recently, we used adaptive laboratory evolution to select seven thermotolerant yeast strains (TTSs). These were able to grow, consume glucose, and produce ethanol about 1.92, 1.50, and 1.60 times faster, respectively, than the parental strain that underwent stress-based adaption at 40°C ([@B16]). Extensive characterization of the TTSs showed that, despite the accumulation of many structural changes in their genomes, nonsense mutations in the *ERG3* gene appeared in all of the strains. These mutations disabled the capacity of yeast strains to synthesize ergosterol, and reverse engineering of the parental strain to insert these mutations resulted in 80% recuperation of the thermotolerant phenotype that involved replacement of ergosterol with fecosterol in the cellular membranes. Nonsense and other deleterious mutations also appeared in genes coding for proteins involved in the electron transport chain. Hence, the TTSs showed trade-offs in respiration and the metabolism of nonfermentative carbon sources.

Here, we evaluated whether the TTSs would show a growth trade-off in the ancestral thermal niche ([@B13], [@B17]) by studying them in the whole range of temperatures at which yeast can replicate. Hence, we cultivated the TTSs and the wild-type (WT) strain at temperatures between 15°C and 50°C to identify the temperatures at which the different strains can grow. With this experimental information and results from computational studies of the thermal stability of the yeast proteome at different temperatures, we inferred fitness (growth rate) and thermodynamic properties of growth for both the WT and the TTSs ([@B18], [@B19]). Additionally, we also evaluated whether changes in membrane composition and structure induced by the altered sterol composition affected cellular tolerance of stressful agents acting on the membrane ([@B20][@B21][@B22]), such as high osmolarity and elevated ethanol concentrations.

RESULTS {#h1}
=======

We earlier grew three clonal populations of the yeast strain CEN-PK113-7D at 39.5 ± 0.3°C for 90 days, obtaining over 300 generations ([@B16]). Three TTSs were randomly isolated from each population (hence, there were nine strains in total). Seven of these nine strains (TTS11, TTS12, TTS13, TTS21, TTS22, TTS31, and TTS33) grew at twice the rate of the WT at 40 ± 0.1°C and, thus, were sent for whole-genome sequencing. The genome sequences of TTS11, TTS12, and TTS13 were identical, so we selected TTS11, TTS21, TTS22, TTS31, and TTS33 for the evaluation of growth trade-off and preadaptation to other stresses.

Trade-offs and thermal niche. {#s1.1}
-----------------------------

The WT and each of the five TTSs selected for further analysis were cultivated for at least 15 generations at the targeted temperature to confirm that the strains could maintain replicative growth at the target temperature. Following this, the specific growth rate at the target temperature was calculated. [Figure 1A](#fig1){ref-type="fig"} shows the average specific growth rates from triplicate cultivations of the five TTSs and a triplicate cultivation of the WT. A characteristic asymmetric growth rate was observed for both strains over the range of temperatures assayed. Compared with the thermal niche of the WT, the thermal niche of the TTSs was slightly displaced to higher temperatures. Thus, the optimal growth temperature was displaced from the ancestral value of \~31°C to the new value of \~34°C. In TTSs, the growth rate at temperatures higher than the ancestral optimal increased, whereas significant trade-off in the growth rate occurred at the ancestral temperatures below 34°C ([Fig. 1B](#fig1){ref-type="fig"}). At 42°C, the TTSs were able to replicate, while the WT was not ([Fig. 1C](#fig1){ref-type="fig"}). At 50°C, only the TTSs could consume glucose and produce ethanol, but neither the TTSs nor the WT were able to grow ([Fig. 1D](#fig1){ref-type="fig"}). Remarkably, the viability of the TTSs decayed faster than that of the WT at this temperature. If a trade-off exists between maximal performance at high temperatures and extent of performance at ancestral temperatures, such a trade-off may reflect structural constraints resulting from the compromise between the flexibility and stability of proteins.

![Effect of temperature on yeast growth. (A) Specific growth rates of thermotolerant and wild-type yeast strains at a temperature range between 15°C and 50°C. The line-fitting specific growth rate is the model using equation 1. (B) Fitness of thermotolerant yeast strains relative to that of the ancestral strain at a range of temperatures from 15°C to 42°C. (C and D) Relative growth for each strain type measured as the ratio of the CFU count at each time point and the initial CFU count at 42°C (C) and at 50°C (D). Blue symbols represent values for wild-type strains, and red symbols for thermotolerant strains. Error bars show standard deviations.](mbo0041523990001){#fig1}

Yeast protein stability. {#s1.2}
------------------------

To gain insight into the effects of changes in genomic structure on TTS fitness in the ancestral thermal niche, we computed the thermal stability of proteins from the entire yeast genome. To carry out their functions, cellular proteins require a native state which is marginally more stable than the vast number of unfolded states called denatured states (typically 2 to 10 kcal/mol under physiological conditions) ([@B23]). The equilibrium between native and denatured states, defined as conformational stability, can be expressed as the change in Gibbs free energy (*G*) of native and denatured states (*ΔG = G~N~ − G~D~*), and hence, a protein loses stability when *ΔG* = 0 ([@B19]). *ΔG* can be calculated from information on the length of a protein and its thermodynamic properties, which can be determined by the amino acid sequence ([@B24][@B25][@B26]). Assuming that loss of stability of any essential protein confers a lethal phenotype, a model for calculating growth rate based on the number of folded proteins required for replication was established ([@B19], [@B27]), as follows:
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where *r*~0~ is an intrinsic rate, *ΔH^+^* is the Arrhenius activation barrier for growth, the product term represents the stabilities of rate-determining proteins (*i* = 1, 2, 3, ... and *Γ*) for growth at temperature *T* ([@B26]), with *Γ* being a fitted parameter, *R* is the ideal gas constant, and *ΔG* is the folding free energy. The distribution of *ΔG* values of the entire yeast proteome at temperatures between 30°C and 70°C is shown in [Fig. 2A](#fig2){ref-type="fig"}. The TTSs did not accumulate mutations that resulted in significant changes in the average proteome sequence and, hence, the *ΔG* distribution shown in [Fig. 2A](#fig2){ref-type="fig"} represents the proteome stability for both the TTSs and the WT strain. At the optimum growth temperature (30°C), the stability of the proteins is marginal since the average folding free energy of the yeast proteome is 8.5 to 9.1 kcal/mol from thermal denaturation. Also, it can be seen that the distribution of the proteome's stability is very broad at 30°C, 37°C, and 41°C. Beyond this range, this is continuously narrowed down and moving left toward inactivation. At 48°C, most of the proteins are at the limit of instability, with an average *ΔG* of 2.55 kcal/mol. The model predicts that protein denaturation starts at 49°C, when 0.86% of proteins may get unfolded (including 21 essential proteins) ([Fig. 2B](#fig2){ref-type="fig"}; see also [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material). Above this temperature, protein denaturation is very fast, as 10.4% of proteins may lose stability at 50°C, 27.9% at 51°C, and 60.5% at 53°C. Hence, the lethal temperature for TT and WT *Saccharomyces cerevisiae* strains is around 49°C, which is in agreement with experimental results from this and previous studies ([@B28]).

![Thermal stability of yeast proteome. (A) Distribution of folding free energies (*ΔG*) of yeast proteome at different temperatures. The *ΔG* bin size unit is one *RT* \[Δ*G*/(0.0083145 \* *T*°K)\]. (B) The fractions of unfolded protein at temperatures from 30°C and 70°C are represented.](mbo0041523990002){#fig2}

With the data described above, we estimated that the *ΔH^+^* values for the WT and TT strains are similar (52.6 and 53.1 kJ/mol), whereas the number of rate-determining proteins for growth (*Γ*) decreased from 215 to 144. Using these numbers in equation 1, we were able to fit the specific growth rate profiles for the two strains to the experimental data (lines in [Fig. 1A](#fig1){ref-type="fig"}). Because the fitness acquired during adaptive laboratory evolution for growth at higher temperatures did not involve any major changes in the primary structure of the proteome, the exponential changes of specific growth rates at temperatures below the optimum follow similar Arrhenius curves for the TTSs and the WT, which are seen as comparable values of *ΔH^+^*. Higher growth rates at temperatures above the optimum for the TTSs are due to lower Γ values, which suggests that these strains reduced the number of growth rate-determining gene functions to diminish complexity. An organism with a small number of growth rate-determining gene functions is less vulnerable to protein stability requirements, and hence, organisms living at high temperatures should have lower Γ values ([@B19], [@B27]).

The horizontal shift of the thermal niche in the TTSs was associated with the change in the optimal growth temperature, which was predicted to be \~34.9°C, compared with 30.8°C for the WT. The results from simulations using equation 1 also predicted that the maximum growth temperatures are 42°C for the parental strain and 45°C for the TTSs ([Fig. 1A](#fig1){ref-type="fig"}). These values are close to the experimental results (39.5°C and 42°C, respectively). Altogether, these results suggest that accumulations of nonsense mutations in TTSs lead to less complexity in terms of functions. For instance, mutations in genes associated with respiration resulted in a reduction of mitochondrial functions, including the electron transport chain, the tricarboxylic acid (TCA) cycle, and redox balance networks ([@B16]).

Yeast physiology in the thermal niche. {#s1.3}
--------------------------------------

The TTSs consumed glucose and produced glycerol and ethanol faster than the WT throughout the entire thermal niche (see [Fig. S1A, B, and C](#figS1){ref-type="supplementary-material"} in the supplemental material), regardless of the fact that the TTSs grew more slowly than the WT at temperatures between 15°C and 34°C ([Fig. 1A](#fig1){ref-type="fig"}). In both the TTSs and the WT, the yields of biomass and glycerol from glucose were nearly constant at cold temperatures from 15°C to 30°C and changed abruptly at warm temperatures between 34°C and 42°C (see [Fig. S1D and E](#figS1){ref-type="supplementary-material"}), whereas the ethanol yields remained nearly constant throughout the entire thermal niche (see [Fig. S1F](#figS1){ref-type="supplementary-material"}). The TTSs, however, produced around three times more glycerol than the WT in the range of cold temperatures, which provoked a 35% reduction in the biomass yield. At 42°C, both the TTSs and the WT consumed glucose, but only the TTSs were able to grow ([Fig. 1C](#fig1){ref-type="fig"}; see [Fig. S1](#figS1){ref-type="supplementary-material"}). Remarkably, the TTSs did not grow at 50°C, but they consumed glucose nevertheless.

In all strains, the specific rates of glucose consumption (*r*~Glc~), ethanol production (*r*~EtOH~) and glycerol production (*r*~Gly~) clearly showed different trends at cold temperatures between 15°C and 30°C and at warm temperatures between 37°C and 42°C (see [Fig. S2](#figS2){ref-type="supplementary-material"} in the supplemental material). At similar specific growth rates, TTSs growing in the range of cold temperatures consumed glucose at a higher rate (1.6 mmol/g cellular dry weight \[CDW\]/h) and produced ethanol at a higher rate (3.73 mmol/g CDW/h) than the wild-type strain (see [Fig. S2A and B](#figS2){ref-type="supplementary-material"}). In the range of warm temperatures, both the TTSs and the WT consumed glucose faster and produced ethanol faster than the wild-type strain growing at cold temperatures. The thermotolerant strains, however, sustained higher specific growth rates at high temperatures and could therefore consume glucose and produce ethanol faster than the wild-type strain at these temperatures. Compared with yeast growing under anaerobic conditions at 30°C in chemostats ([@B29]), both the TTSs and the WT growing at high temperatures consumed glucose and produced ethanol faster (3.9 and 2.78 mmol/g CDW/h more, respectively).

Even though high temperatures increased ethanol production, they also provoked high rates of glycerol production in both the WT and TT strains (see [Fig. S2C](#figS2){ref-type="supplementary-material"} in the supplemental material). Glycerol production increased by 1.08 mmol/g CDW/h in the TTSs growing at high temperatures compared with its production during growth at low temperatures. The specific glycerol production rates of TTSs at high temperatures were higher than for the WT growing at low temperatures (2.91 mmol/g CDW/h) or for the WT growing under anaerobic conditions at 30°C (2.6 mmol/g CDW/h). The glycerol production in the WT cultivated at high temperatures was also higher than the production of the same strain growing under anaerobic conditions at 30°C, suggesting that other mechanisms besides anaerobiosis are implicated in glycerol overproduction. For instance, cell wall integrity stress responses can also activate the hyperosmotic stress response ([@B21]).

Respiration deficiency and glycerol overproduction in TTSs. {#s1.4}
-----------------------------------------------------------

Increased glycerol production can be triggered by any of the pathways for cell wall integrity stress responses, namely, the protein kinase C (PKC)-mediated mitogen-activated protein (MAP) kinase pathway, the sterile vegetative growth (SVG) pathway, and the high-osmolarity glycerol response (HOG) pathway ([@B21], [@B30]). Based on genome-wide transcriptome analysis using Affymetrix microarrays, which have shown good consistency with quantitative reverse transcription-PCR ([@B31]), these pathways were found to be slightly down-regulated in the TTSs, which have a membrane structure that is more tolerant of high temperatures, due to the replacement of ergosterol with fecosterol ([@B16]). *SMP1* and *RLM1*, encoding transcription factors (TFs) that regulate the PKC-MAP pathway, and their activator kinase, encoded by *SLT2*, were slightly down-regulated in the TTSs compared with their transcription levels in the wild type when both strain types were cultured at 40°C, as was the *STE12*-encoded TF that is involved in the SVG pathway. In addition, the expression of the protein kinase gene *HOG1* that is involved in the signal transduction cascade of the HOG pathway did not change ([Fig. 3A](#fig3){ref-type="fig"}). These TFs and kinases can activate glycerol accumulation in different ways ([@B32], [@B33]), for example, via HAP1 ([@B34]), which is a possible target of HOG1 ([@B35]). Furthermore, the down-regulation of genes encoding proteins associated with cell wall strengthening/permeability regulated by the cell wall integrity pathway (*CWP1*, *HSP150*, *PIR1*, and *PIR3*) ([@B36]), chitin biosynthesis induced by the PKC-MAP and SVG pathways (*GFA1* and *CHS3*) ([@B35], [@B37]), and glucan remodeling (*CRH1* and *BGL2*) induced by RLM1 and STE12 ([@B35]) was also observed. Some of the TTSs (TT11 and TT21) carried a duplication of a segment in chromosome III that resulted in gene duplication of the MAP kinase kinase *SSK22* of the HOG pathway, and these strains showed lower expression of some of these genes than the TTSs without such a duplication. However, genes associated with cell separation processes were only up-regulated in the TTSs carrying this duplication. Transcription of the cell wall mannoprotein genes *DAN1*, *TIR1*, *TIR3*, and *FIT1*, however, increased more than 4 times in all the TTSs, and increased expression of the first 3 of these mannoproteins has been observed previously under anaerobic growth ([@B38]). Overall, these results suggest that the increased glycerol production in the TTSs was not stimulated by a cell wall integrity response. This is consistent with findings that the genes associated with glycerol production are down-regulated ([Fig. 3B](#fig3){ref-type="fig"}).

![Transcriptional responses of thermotolerant and wild-type yeast strains growing at 40°C. (A) Changes in transcription of genes associated with stress responses related to cell wall integrity. (B) Changes in gene expression associated with glycerol synthesis and metabolism.](mbo0041523990003){#fig3}

Redox balancing in the cytosol of the TTSs was compromised due to the inactivation of respiration. Thus, genes involved in glycerol and aspartate-malate shuttles, responsible for operating proton transport across the mitochondrial membrane, were down-regulated ([Fig. 3B](#fig3){ref-type="fig"}). Therefore, the conversion of dihydroxyacetone phosphate (DHAP) to glycerol-3-phosphate (G3P) by glycerol-3-phosphate dehydrogenases 1 and 2 (GPD1/2) became the sole route for preventing NADH accumulation in the cytosol. Remarkably, glycerol accumulation in TTS11 and TTS21 occurred despite down-regulation of the enzymes involved in its production, which suggests that the increased flux to glycerol is solely kinetically determined by the accumulation of NADH and G3P.

Ethanol production under different stress conditions. {#s1.5}
-----------------------------------------------------

We also evaluated growth and the production of glycerol and ethanol in fermentations containing one of several stressors found in ethanol production from cellulose hydrolysates, i.e., 95 g/liter glucose, 8% (vol/vol) ethanol, 1 M KCl, and 60 mM acetic acid, as well as in a fermentation containing 1 mM hydrogen peroxide to explore the TTSs' tolerance of reactive oxygen species (ROS) ([Fig. 4](#fig4){ref-type="fig"}). All of the stress-causing conditions except the high glucose concentration negatively impacted the specific growth rates of both the TTSs and the WT ([Fig. 4A](#fig4){ref-type="fig"}). However, TTSs grew 2.0 and 1.2 times faster than the WT under conditions of osmotic and ethanol stress. When exposed to acetic acid and oxygen peroxide, TTSs showed less tolerance than the ancestral strain, with the greater decrease in the growth rate at 1 mM of H~2~O~2~. Ethanol was accumulated to similar levels in both strains under each condition except for cultivations with 1 mM KCl and 95 g/liter glucose, where it was accumulated to a level 1.6 times higher than in the WT ([Fig. 4B](#fig4){ref-type="fig"}). Glycerol accumulated at higher levels in TTSs cultivated under every condition except for fermentations with 1 M KCl, where both types of strains produced similar amounts ([Fig. 4C](#fig4){ref-type="fig"}). After 24 h of fermentation, TTSs growing at 95 g/liter glucose completely consumed the glucose and accumulated 42 g/liter ethanol, while in cultivations of the WT, 21 g/liter glucose remained after 24 h and 26.6 g/liter ethanol was produced. Hence, the ethanol productivity of the TTSs was 1.75 g/liter/h, and that of the WT was 1.1 g/liter/h. Using these values, we used Kumar's flowchart ([@B7]) to compare the costs of ethanol production with an industrial process using 2,000 tons (dry basis) of lignocellulose per day and a 24-h fermentation. Under these conditions, ethanol production costs may decrease by \$0.50 per gallon by using the thermotolerant yeast strains.

![Fitness relative to that under optimal conditions (30°C without stress) (A) and production of ethanol (B) and glycerol (C) in TT (red bars) and WT (blue bars) yeast strains cultivated with 1 M KCl, 8% (vol/vol) ethanol, 95 g/liter glucose, 60 mM acetic acid, or 1 mM hydrogen peroxide. Error bars show standard deviations.](mbo0041523990004){#fig4}

DISCUSSION {#h2}
==========

Implications for thermal norms. {#s2.1}
-------------------------------

Adaptation to heat by evolution imposes changes in shape and in the limits of thermal reaction norms ([@B39]). We earlier used adaptive laboratory evolution (ALE) to isolate seven thermotolerant yeast strains (TTSs) with substantial improvements in fitness at up to 39.5°C, measured as improvement in the specific growth rate ([@B16]). Here, we show that these TTSs had a higher optimal growth temperature than the ancestral wild-type (WT) strain and displaced the upper limit of the ancestral thermal norm from 40°C to \~42°C ([Fig. 1A](#fig1){ref-type="fig"}). The fitness of the TTSs relative to that of the ancestral strain was considerably increased at temperatures higher than 37°C, whereas it was decreased at temperatures below \~34°C ([Fig. 1B](#fig1){ref-type="fig"}). This trade-off in relative fitness at ancestral temperatures was not observed in populations of *Escherichia coli* evolved at 42°C ([@B40]), but it was observed in *E. coli* populations evolved at 45°C and 48°C ([@B41]). Changes in thermal norms have also been observed during evolution of wasps, copepods, and flies at high nonlethal temperatures ([@B13], [@B39], [@B41][@B42][@B45]). A remarkable early study on the evolution of thermotolerance was reported by William Dallinger (1839 to 1909), who found that gradually increasing the temperature of flagellates (*infusoria*) in cultivation resulted in populations able to survive at 70°C ([@B41]). Dallinger's report included a perceptive quote from Darwin that stated "the fact which you mention about their being adapted to certain temperatures, but becoming gradually accustomed to much higher ones, is very remarkable. It explains the existence of algae in hot springs."

Implications for proteome stability and cellular complexity. {#s2.2}
------------------------------------------------------------

The shapes of thermal reaction norms and growth rates (fitness) can be inferred from the folding free energy (*ΔG*) of proteins, with the assumption that loss of stability by any essential protein confers a lethal phenotype on the organism ([@B18], [@B24], [@B26], [@B27]). Computational analysis showed that at 30°C, most yeast proteins are marginally stable, since the average *ΔG* of the proteome is about 9 kcal/mol from denaturation ([Fig. 2A](#fig2){ref-type="fig"}). The average proteome *ΔG* decreased rapidly with increasing temperatures, which was associated with a sharp decrease of the specific growth rate ([Fig. 1A](#fig1){ref-type="fig"} and 2A). Thermal instability of the proteome starts at 49°C, indicating that this is the lethal temperature for yeast, which was confirmed by experimental data. The influence of temperature on the specific growth rate can also be calculated using equation 1 ([@B27]), and with this approach, we found that the optimal growth rate of TTSs was about 3°C higher in the TTSs than for the WT and that the estimated limit for TTSs to sustain growth was 44°C, which is close to the observed experimental value of 42°C. Remarkably, these changes were associated with a decrease in the number of rate-determining proteins for growth (parameter Γ in equation 1), since the *ΔH^+^* values were similar for the TTSs and the WT. Reduction of the cellular complexity by decreasing the number of growth-related cellular functions has been pointed out as a critical feature for organisms to acquire thermotolerance ([@B19]). Organisms with fewer functions may have less pressure for keeping a large number of enzymes functional, and hence, the number of growth-related functions encoded in the genome decreases ([@B19], [@B25], [@B27]). In the TTSs, loss of respiration capacity decreased the cellular functions associated with this trait, including the stress response associated with ROS. These losses are associated with lower fitness at ancestral temperatures and inadequate responses upon exposure to ROS.

Implications for changes in underlying protein functions {#s2.3}
--------------------------------------------------------

The stability and structural flexibility of growth-related proteins can be altered by changes in amino acid residues and by the accumulation of stabilizing solutes (e.g., trehalose and glycerol) ([@B46], [@B47]). The replacement of lysine/glycine with arginine and of serine with alanine or threonine, among a few other amino acid substitutions, has been shown to be useful for increasing the thermal stability of proteins ([@B48], [@B49]). In the TTSs, we only found one replacement of glycine by arginine, in the product of the *MTM1* gene, and various replacements of serine by tyrosine, asparagine, or proline, as well as of proline by serine ([@B16]). Among the instances of replacement of serine by asparagine, one resulted in instability of the product of *LCB3*, which is involved in sphingolipid biosynthesis. The TTSs accumulated other deleterious mutations, including novel stop codons in the products of *ERG3*, *ATP2*, and *ATP3*, which accounted for 45% of the total number of mutations. Mutations in *ERG3* substantially changed the sterol composition in the membrane and were responsible for most of the thermotolerance. On the other hand, loss of respiration caused by mutations in *ATP2* or *ATP3* predisposed cells to produce glycerol at rates three times higher than the WT. Since glycerol protects proteins from irreversible thermal denaturation ([@B47]), we hypothesize that the TTS yeast proteome is less prone to thermal denaturation. Loss of respiration, however, reduced the specific growth rates in the ancestral thermal niche. Mutations in genes encoding proteins with critical growth functions, for instance, cell replication, morphogenesis, host attachment, transcription, integrity of the cell wall membrane, and catabolism of carbon sources, have been reported for the evolution of thermal sensitivity ([@B16], [@B45], [@B50]). These functions depend on the organism: whereas bacteria and yeast accumulated mutations in genes related to catabolism of a carbon source ([@B16], [@B50]), phages accumulated mutations in genes for replication and host attachment ([@B45]). Gene mutations associated with the integrity of the cell wall and morphogenesis have been found in yeast and phages ([@B16], [@B45]). In *E. coli*, considerable increases in GroEL/GroES chaperone levels were shown to be essential for resistance at 48°C ([@B41]). In TT *S. cerevisiae* strains, neither the heat shock protein 60 (HSP60)/HSP10 complex nor the HSP104/HSP70/HSP40 complex, homologous to bacterial GroEL/GroES, were up-regulated compared with their transcription in the WT when grown at 40°C.

From our computational analysis of proteome stability, we found that proteins larger than the average protein size (in terms of number of amino acids) are more sensitive to heat. For instance, we predicted that essential proteins, including helicases (encoded by *BRR2*, *SEN1*, and *SLH1*), global catabolic regulators (*CYR1*, *IRA1*, and *TOR2*), components of fatty acid synthase (*FAS1* and *FAS2*), and the catalytic subunits of 1,3-beta-[d]{.smallcaps}-glucan synthase (*FKS1* and *GSC2*), are unstable at 49°C. *IRA1* and *TOR2*, interestingly, were targets of the evolutionary process in TTSs, whereas helicases have been associated with thermal resistance in thermophiles ([@B51]). Our thermodynamic analysis indicated that all glycolytic enzymes are stable at temperatures below 53°C. However, only the TTSs and not the WT were able to consume glucose and produce ethanol and glycerol at 50°C. There is therefore the possibility that impaired glucose consumption is due to loss of glucose transport shortly after being exposed to 50°C.

The challenge of industrial biotechnology is to generate more robust cell factories that are able to survive inhibitory conditions while keeping the proper catalytic properties for conversion of raw materials to the target biochemicals or biofuels. A lack of basic information about the mechanisms underlying yeast adaptation is currently limiting the development of robust biocatalysts. Here, we show the genetic basis of thermal adaptation of TTSs and the related trade-offs, and we present insights on the preadaptation of TTSs to other stresses found in ethanol production processes. This information will be valuable for reverse engineering of robust yeast strains for the production of ethanol and other fuels and chemicals.

MATERIALS AND METHODS {#h3}
=====================

Strains. {#s3.1}
--------

The thermotolerant yeast strains (TTSs) were previously isolated from evolutionary laboratory experiments ([@B16]). These experiments were carried out by serial dilution of three independent clonal populations of the parental yeast strain CEN-PK113-7D (WT) cultivated at 39.5 ± 0.3°C in minimal medium. This procedure was repeated until a significant change in specific growth rate was detected. This was performed for more than 320 generations, when we randomly selected three strains from each of the three populations. From these nine strains (TTS11, TTS12, TTS13, TTS21, TTS22, TTS23, TTS31, TTS32, and TTS33), seven were sent for genome sequencing (TTS11, TTS12, TTS13, TTS21, TTS22, TTS31, and TTS33). The strains from population one (TTS11, TTS12, and TTS13) showed identical genome sequences, and therefore, only one of them, TTS11, was chosen for this study, along with TTS21, TTS22, TTS31, and TTS33. The genotypes of these strains were recently reported ([@B16]).

Culture media. {#s3.2}
--------------

We used minimal medium for cultivation of TTSs and the WT under all conditions. This contained 2% glucose and 5 g (NH~3~)2SO~4~, 3 g (NH~4~)2PO~4~, and 0.5 g MgSO~4~ per liter, in addition to 1 ml of trace element solution and 1 ml of vitamin solution. The trace element solution contained, per liter (pH 4), 15.0 g EDTA (sodium salt), 4.5 g ZnSO~4~·7H~2~O, 0.84 g MnCl~2~·2H~2~O, 0.3 g CoCl~2~·6H~2~O, 0.3 g CuSO~4~·5H~2~O, 0.4 g Na~2~MoO~4~·2H~2~O, 4.5 g CaCl~2~·2H~2~O, 3.0 g FeSO~4~·7H~2~O, 1.0 g H~3~BO~3~, and 0.10 g KI. The vitamin solution contained, per liter (pH 6.5), 0.05 g biotin, 0.2 g *p*-amino benzoic acid, 1 g nicotinic acid, 1 g Ca-pantothenate, 1 g pyridoxine-HCl, 1 g thiamine-HCl, and 25 g *myo*-inositol. The initial pH of the medium was 5.2.

Physiology in the thermal niche. {#s3.3}
--------------------------------

Cultivation of the TTSs and the WT was performed at temperatures from 15°C to 50°C to detect the range of temperatures at which both strains were able to replicate. The strains were first propagated at 30°C for around 15 generations. Then, they were cultivated at the target temperature for another 16 to 20 generations to eliminate the effects of innate adaptation and population dynamics of yeast adaptation to the target temperature. After that, aliquots of the cultures were transferred to fresh medium at an initial optical density of 0.15 at 600 nm (OD~600~). Samples were taken every one or two hours to measure the OD~600~, glucose, and fermentation metabolites. The yield from glucose and the specific rates of glucose consumption and metabolite production were calculated for at least 6 time points.

Tolerance of other stresses. {#s3.4}
----------------------------

Both the TTSs and the WT were propagated at 30°C. Aliquots from cultivations in the mid-log phase were transferred to fresh minimal medium to adjust the OD~600~ to 0.1. We then let the cultivations grow until they reached an OD~600~ of 0.4 before applying the stressor. As stressors, we used 1 M KCl, 8% (vol/vol) ethanol, 95 g/liter glucose, or 60 mM acetic acid, which are representative of processing conditions for ethanol production. Furthermore, 1 mM of hydrogen peroxide was also used to check the ROS tolerance of TTSs. Samples were taken every hour to determinate the growth rate, glucose consumption, and ethanol and glycerol production. The results from these experiments were compared with the results from experiments without stressors at 30°C.

**Biomass production, glucose uptake**, **and fermentation metabolites.** {#s3.5}
-------------------------------------------------------------------------

Samples from shake flasks were taken every 1 to 2 h and processed at 4°C for biomass, glucose, and fermentation metabolite analyses. Biomass was first measured indirectly by determining the optical density of the sample at 600 nm. Samples were also vacuum filtered, and the biomass pellets obtained were washed twice with isotonic solution, dried for 15 min in a microwave oven at medium power, and kept in a desiccator until they reached a constant weight. The supernatants were stored at −20°C for further analysis of fermentation metabolites by high-performance liquid chromatography. An Aminex HPX-87H column (Bio-Rad, CA) coupled to refractive index and photodiode array detectors was used to separate and quantify glucose and fermentation metabolites. The mobile phase was an 8 mM solution of H~2~SO~4~ at 0.5 ml/min, and the assay was run at 50°C. Pure glucose, organic acids, glycerol, and ethanol from Sigma Aldrich were used to construct the calibration curves used to quantify these compounds in the culture. Calculation of the yield coefficients, stoichiometries, and degrees of redox balance and consistency testing of experimental data were performed according to Villadsen et al. ([@B52]).

Thermal stability of the yeast proteome. {#s3.6}
----------------------------------------

Thermodynamic analysis of proteins was carried out based on the entire yeast proteome. Extensive data on the reversible folding stabilities have shown that the dominant factor affecting the thermal properties of proteins is the chain length. These data were recently captured in a model that calculates the free energy of protein folding, *ΔG*, as a function of temperature (*T*) and chain length (*L*) ([@B18], [@B19], [@B25]), as follows:
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Differences in entropy (*ΔS*), enthalpy (*ΔH*), and specific heat (*ΔC~p~*) between native and denatured states were calculated using average correlations obtained from data on the reversible folding stabilities of 63 ideal mesophilic proteins ([@B25]), which showed a good correlation between thermodynamic parameters and chain length.
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The reference temperatures *T~h~* and *T~s~* are the temperatures at which enthalpy and entropy from sequence and hydrophobic effects are near zero ([@B18], [@B25]).

From equations 2 to 5, we calculated the protein stability of the entire proteome at different temperatures from 30°C to 70°C. We also extended our analysis to calculate the stability distribution of the entire proteome, which followed a gamma distribution, as follows:
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Using the proteome chain length distribution and equation 2, we calculated the free energy distribution *P*(*ΔG*) of the entire proteome to calculate the specific growth rate using equation 1.

Analysis of gene expression. {#s3.7}
----------------------------

Analysis of gene expression was performed with experimental data generated in a previous work ([@B16]). Briefly, samples for transcriptome analysis were taken at mid-exponential phase from the WT and TTSs cultivated at 40°C in bioreactors under fully aerobic conditions. They were quickly put on ice and centrifuged at 3,000 × *g* for 5 min at 4°C. The supernatants were discarded, and biomass pellets were frozen in liquid nitrogen and then stored at −80°C. Total RNA was extracted from pellets using the RiboPure-yeast kit (Ambion, TX) with the help of RNase-free solvents (Ambion, TX). For transcriptome analysis, we used the Affymetrix GeneChip yeast genome 2.0 array. Bioconductor ([@B53]) was used to process the CEL files using R version 3.1.2. The Affymetrix chip description file (CDF file) was obtained from the microarray developers and imported to R using the Bioconductor package makecdfenv. Data normalization was performed with the [p]{.ul}robe [l]{.ul}ogarithmic [i]{.ul}ntensity [er]{.ul}ror (PLIER) normalization method ([@B54]) using only perfectly matched probes. The moderated *t* statistic was applied to identify pairwise differences in gene expression between each of the evolved strains. For multiple-testing corrections of the *P* values, we used the Benjamini-Hochberg method ([@B55]). A cutoff of \<0.001 for adjusted *P* values was used to determine differential expression of genes between each of the two conditions. The PIANO package was used for reporter gene ontology (GO) term and gene set enrichment analysis ([@B56]).

SUPPLEMENTAL MATERIAL {#sm1}
=====================

###### 

Physiological responses of thermotolerant (red diamonds) and wild-type *S. cerevisiae* (blue squares) strains cultivated at temperatures between 15°C and 50°C. Specific rates of glucose consumption (A), glycerol production (B), and ethanol production (C) and yields of biomass (D), glycerol (E), and ethanol (F) per unit of glucose consumed were calculated for exponential-phase cells growing at the targeted temperature. Download

###### 

Figure S1, TIF file, 0.4 MB

###### 

Linear correlations of specific rates of glucose consumption (A), ethanol production (B), and glycerol production (C) with temperatures and specific growth rates at temperature ranges from 15°C to 30°C and from 37°C to 42°C. Equations for linear correlations and their *R*-squared values are shown below the corresponding plots. Blue squares, red diamonds, and gray circles denote results from experiments with the WT and the TTSs at different temperatures and with the WT at 30°C, respectively. Data for the WT cultivated anaerobically at 30°C were obtained from Verduyn et al. ([@B29]). Download

###### 

Figure S2, TIF file, 0.8 MB

###### 

Protein unfolding at lethal temperatures between 49°C and 60°C.

###### 

Table S1, XLS file, 0.5 MB

**Citation** Caspeta L, Nielsen J. 2015. Thermotolerant yeast strains adapted by laboratory evolution show trade-off at ancestral temperatures and preadaptation to other stresses. mBio 6(4):e00431-15. doi:10.1128/mBio.00431-15.

We thank Payam Ghiaci for assistance with the experimental work and Carmen Gutierrez for fruitful discussion about the thermodynamics of protein folding.

This work was financed by the Novo Nordisk Foundation, the Knut and Alice Wallenberg Foundation, and the the Europe Research Council (grant no. 247013).
